We interpret these results as evidence that the pathologic entity recognized as chronic pyelonephritis results from kidney damage, scarrinig, and shrinkage secondary to acute suppurationi.
INTRODUCTION
While interstitial nephritis is often caused by analgesics anid metabolic or vascular disturbances (1) , end-stage kidneys may result fronm infection (chronic pyelonephritis), especially in the presence of structural urinary abnorrmalities (2, 3) . Since chroniic pyelonephritic kidneys are often sterile (4-7), mechanisms other than bacterial infection have been postulated in the pathogenesis of this disease. Suggestions have been made that the progressive renal damage of chronic pyelonephritis may be due to the survival of bacterial protoplasts (8) or to the persistence of bacterial antigens within the lesions (5, 9) . The demonstration within pyelonephritic kidneys of antibody synthesis directed against the antigens of the infectiing organisms (10, 11) has raised the possibility that anitigen-antibody comReceived for publication 13Junte 1977 antd in revised forml 21 September 1977. plexes might trigger continiuous inflamiimation. Common antigens shared by some strains ofEscherichia coli and kidney tissue (12) have been implicated as a possible mechanism of autoimmune phenomena. Others have suggested that the chronic renal scarring of pyelonephritis is the result of previous inflammation and tissue destructioin occurring during the acute suppurative phase (13) .
In order to examine the relative importance of infection, inflammation, and scarring in the evolution of chronic pyelonephritis, an attempt was made in this study to dissociate these processes by administering antibiotics at different stages of the disease. We have used a rat model of obstructive retrograde E. coli pyelonephritis (14) that resembles humain pyelonephritis.
MIETHODS
Pyeloniephritis. Acute retrograde pyelonephritis was produced in male Wistar-Lewis rats (225-250 g)(Charles River Breeding Laboratories, Inc., Wilmington, Nass.), as described previously (14) , with slight modification. Briefly, after water deprivationl for 18 h, animals were aniesthetized with ether before exposing the left ureter through a midline incisioni of the abdominlal wall. At midureter level, a silk suture was passed through the flank into the peritoneal cavity, then over the ureter, anid out again to the left flank. The ligature was left loosely in place while bacteria were injected through the dome of the bladder into the lumeni. The bacterial inoculum of 2 x 1(3 organisms of an overnight culture of E. coli 06 (Williams) in trypticase soy broth (TSB)' (obtained like all other microbiological culture media in this study from BBL, division of Becton, Dickinson & Co., Cockeysville, Md.) was gently infused in a volume of 1.0 ml. By in-jecting TSB colored with trypan blue into the bladder while visualizing the ureters, we demonstrated that reflux consistently occurred when urine appeared at the external urethral meatus. The remainder ofthe 1.0 ml volumlle was passed externally through the urethra without causing further bladder distension. After the inftusion, the twvo arrms of the ureteral ligature were tied loosely aind the ' Abbreviatiotn used in thtis paper: TSB, trypticase soy broth. Investigation Volume 61 February 1978 -403-407 abdominal wall was closed. 20 h later, the animals were lightly anesthetized and the ligature was cut from the outside and carefully removed. The incidence of gross pyelonephritis was approximately 75%. Residual hydronephrosis was invariably present in the pyelonephritic kidneys.
Thte Joturnal of Clinical
Antibiotic treatment. In order to evaluate the relationship of acute pyelonephritis to chronic pyelonephritis, groups of rats were treated 28-30 h, 3 days, 5 days, and 12 days after infection. To achieve sterility of the kidneys, each group was treated for 10 days with the combination of ampicillin and gentamicin and sacrificed 75-90 days after infection. Ampicillin was given intramuscularly every 6 h in a dose of 160 mg/kg per day, and gentamicin intramuscularly every 12 h in a dose of 8 mg/kg per day. We found that the serum levels 1 h after one injection of each drug were similar to those observed in humans (6.5 Ag/ml for ampicillin, 4.6 ,tg/ml for gentamicin).
Control animals received i.m. injections of saline every 6 h. It was established that the combination of ampicillin and gentamicin in these doses can sterilize the kidneys of all the animals by 10 days if the treatment is started 28-30 h after infection. In addition, the effectiveness of this regimen was also established when treatment was started when kidney suppuration was at its peak (5 days, Fig. 1 ).
In order to investigate the role of persistent infection in the development of chronic pyelonephritis, we treated rats with ampicillin alone in the same dosage and intervals between injections as for combined therapy. Treatment began 28-30 h after infection, but lasted for only 3.5 days. This regimen prevented further development of acute pyelonephritis while allowing a substantial amount of infection to remain in the kidney (partial treatment). Evaluation of the severity of pyelonephritis. Kidney weight provides the best quantitative measure of pyelonephritis. In acute pyelonephritis, kidney weight increases in proportion to the suppuration, while in chronic pyelonephritis its decline reflects the amount of kidney destruction (15) . We have used the ratio of the weights of the left kidney over the right kidney (L/R weight ratio) in order to minimize the variation of kidney weights between animals. This is especially important when one deals with long-term experiments, where total body weights between animals may vary greatly. In addition, in the chronic phase of pyelonephritis, the L/R weight ratio also expresses the hypertrophy ofthe right kidney that compensates for destruction and shrinkage of the left kidney (15) .
Animals were sacrificed 75-90 days after initiation of infection, at a time when chronic pyelonephritis in this model is well-established (15) . Treated and untreated rats were also sacrificed earlier at different times during and after treatment in order to delineate further the evolution of acute to chronic pyelonephritis. After terminal anesthesia, the animals were bled by cardiac puncture. The abdomen was opened; the kidneys were removed aseptically, observed for gross pathological lesions, weighed, and cut in half; one half was homogenized in 1 ml ofTSB, and the other halfwas processed for histologic examination. Tenfold dilutions of the homogenates were made and 0.5 ml plated on trypticase soy agar plates containing 1,000 U of penicillinase per ml. The plates were incubated overnight aerobically at 37°C and the number of colony-forming units counted. When high levels ofgentamicin were expected (16), the plates were incubated in anaerobic jars (Gaspack catalyst, BBL) for 48 h to decrease gentamicin activity (17) .
Antibody determinations. Bacteria were grown in TSB for 36 h at 37°C. Formalin was then added to a final concentration of 1% and the culture reincubated overnight at 37°C. The cells were harvested by centrifugation, washed three times in normal saline, and resuspended in saline to half the original volume of broth.
Serum antibody levels were measured by bacterial agglutination with microtiter equipment (Microtiter, Cooke Laboratory Products Div., Dynatech Laboratories Inc., Alexandra, Va.). Twofold serial dilutions of serum in 0.05 ml of saline were made in plastic disposable microtiter plates (V-type), to which was added an equal volume (0.05 ml) of bacterial suspension. Plates were gently agitated, covered with sealing tape, and incubated for 2 h at 37°C and overnight at 8°C. The titer of a specimen was the highest dilution causing bacterial agglutination.
Statistical evaluation. L/R weight ratio, number of viable bacteria per gram of kidney, and serum titers of treated and control animals were compared for significance by Student's unpaired t test.
RESULTS
Effect of starting combined treatment at different times on the development of chronic pyelonephritis. The effectiveness of the combined therapy in sterilizing the kidneys when started 28-30 h after infection or at the peak of suppuration (5 days, Fig. 1 ) was determined in rats sacrificed at completion of the 10-day treatment. All of eight rats had sterile kidneys when treatment was started at 28-30 h and only 1 of 10 showed persistent low-grade infection when treatment was started at 5 days of infection. The efficacy of such treatment was further emphasized by the fact that none of 44 rats treated with the comiibinationi started at different times during infection had viable organisms in their kidneys at 75-90 days. By contrast, 10/17 kidneys of untreated controls yielded E. coli 06 in culture. Fig. 1 shows the evolution of unitreated pyelonephritis as defined by the L/R weight ratio. The period of maximum exudation and suppuration occurred 3 days after onset of infection and lasted until day 5. Kidney weight showed a drop during the following 2 wk, and by day 21 the L/R ratio was already 50% less then that observed in nonpyelonephritic animals. When sacrificed 75-90 days after initiation of infection, the macroscopic and microscopic appearance of the untreated kidneys did not differ from that described previously: the left kidneys were severely scarred and shrunken and showed the same changes of chronic pyelonephritis presented in earlier descriptions of this model (15) . 10 of 17 kidneys of untreated rats were still infected at that time, and the average L/R weight ratio was 0.316, compared to 1.040 in 14 nonpyelonephritic kidneys (P < 0.0005). Among unitreated rats there was no difference between the mean L/R ratio of those with infected and those with sterile kidneys.
If combined therapy was started 28-30 h after onset of infection, it prevented further exudation and suppuration in the kidney. As seen in Fig. 1 , dramatic protection against chronic pyelonephritis resulted at 75-90 days. A few tiny depressions were seen on the surface ofthe left kidney, and their L/R weight ratio was only 8% below that of nonpyelonephritic kidneys (P < 0.005).
If treatment was started 3 days after infection, when acute suppuration reaches its peak, 50% of the left kidney was destroyed by chronic pyelonephritis at 75-90 days as judged by gross examination and by the L/R weight ratio (P < 0.005 in comparisoon to uintreated rats or to rats treated at 28-30 h).
If treatment was started 5 days after infection, when maximal suppuration had lasted for 2 days, the sterile chronic pyelonephritic kidneys were indistinguishable macroscopically, microscopically, and in the degree of kidney shrinkage from untreated animals. (L/R weight ratio: P < 0.0005 in comiiparisoni to rats treated at 3 days). The L/R weight ratio was 70% below that of nonpyelonephritic kidneys. The same observations were made when treatment was started 12 days after infection (Fig. 1) .
Protection from chronzic ptIelonephritis after partial treatment with ampicillin alonie started at 28-30( h. Aimpicilliin given1 28-30 h after infectioni and continued for 3.5 days reduces suppuration in acute pyelonephritis, although a substantial number of organisms remain in the kidney (partial treatment). The average L/R weight ratio was 1.159 after treatment compared to 1.767 in nonitreated control rats (P < 0.0005), while the imieani number of viable bacteria recovered was 1.16 x 105 in 12 rats. When rats were sacrificed 75-90 days after partial treatment, 6/14 kidneys were still infected, an incidence not significantly different from untreated rats (10/17). Furthermore, the mean number +1 SEM of bacteria per gram of infected kidney was not different after partial treatment (8.51 x 10()+3.0) from untreated controls (1.29 x 105+0.3). However, a striking difference in the degree of pyelonephritis was seen: The mean L/R weight ratio (Table I ) and the gross and microscopic appearances of infected kidneys showed protection when compared with the shrunken and distorted kidneys of untreated animals. Their L/R weight ratio was only 23% below that of nonpyelonephritic kidneys (P < 0.005), andl 15% below that of sterile kidneys after Following L/R weight ratios were significantly different: (a) sterile versus iinfected kidneys after ampicillin alone (P < 0.0125); (b) infected kidneys after ampicillii alonie versus pyelonephritic controls (P < 0.0005); (c) combined treatment versus pyelonephritic cointrols (P < 0.0005).
* Inoculated rats that developed no evidence of kidney infection or pyelonephritis.
Preven tioni of Chroniic Pyelonephritis by Suppression of Supparation partial treatment (P < 0.0125). Sterile kidneys after partial treatment had a L/R weight ratio similar to that of kidneys after combined treatment started at 28-30 h. Effect of treatment on antibody titers. (20) or common antigens shared by E. coli and renal tissue (12) have been postulated as possible triggers for autoimmune phenomena; but demonstration of antikidney antibodies have been unsuccessful so far (21, 22) . Thymus-dependent autoimmune phenomena are not important, since both neonataly thymectomized rats (23) and adult thymectomized irradiated rats (24) had a course of chronic pyelonephritis similar to that of control rats. We have reproduced these observations in our model in rats thymectomized at birth: They showed no difference in the extent of chronic pyelonephritis over that observed in sham-thymectomized rats.
The persistence ofbacterial antigens in the late phase of pyelonephritis has been shown both in experimental and human kidney infections (25, 26, 5) . It has been suggested therefore that this could lead to the progression of the disease by a process involving antigenantibody complexes (5, 9) . In our experiments, partially treated animals still infected at 2-3 mos demonstrated no significant difference in anti-E. coli 06 antibody titers when compared with untreated controls. If one assumes that antibody titers are to some extent a reflection of the antigenic stimulus, and if persistent bacterial antigens were to be responsible for continuous kidney destruction, one would expect to see as severe destruction in partially treated rats as in untreated controls (Table I) . These negative results are in accordance with previous observations which clearly showed that the pyelonephritic process did not progress despite the persistence of large amounts of bacterial antigens (25, 26) and the continued local production of antibodies directed against these antigens (10, 11) .
In contrast to man, the rat kidney possesses only one calyx, so that the pathological events in the whole rat kidney seem to mirror those in single or multiple human renal pyramids. If this is true, our observations in the rat strongly suggest that the pathologic entity recognized as chronic pyelonephritis results from kidney damage, scarring, and shrinkage secondary to acute suppuration. There are no indications that residual infection, antigenic load, or a thymusdependent autoimmune mechanism triggers a continuous destructive process leading to chronic pyelonephritis. Whether or not these ideas will be borne out by future studies, these observations further stress the need for prompt and effective antibiotic treatment during acute obstructive pyelonephritis.
